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Abstract
The Rock Lake copper-silver deposit is a zoned, stratiform, redbed type deposit, occurring within the Revett Formation of the
Proterozoic Belt Supergroup. Structurally the deposit occurs in the
west limb of an overturned syncline and is bounded to the west by the
Rock Lake normal fault and to the east by the Libby Lakes thrust. At
Rock Lake the copper-silver minerals are found in a zonally
distributed copper-sulfide system consisting of seven gradational
zones representing a migrating redox interface. The sulfide system is
wedge shaped with a thick pyrite-galena core near the Rock Lake
fault.
Vertically and horizontally, from the pyrite-galena core (zone
I) outward, the copper-silver minerals form concentric shells
successively dominated by chalcopyrite +!- pyrite +/- magnetite
(zone II), chalcopyrite + bornite +1- magnetite +!- silver (zone III),
bornite +/- silver +!- magnetite/hematite, (zone IV), bornite +
chalcocite +!- silver +/- magnetite/hematite (zone V), and an outer
shell of chalcocite +/- magnetite/hematite (zone VI) grading into the
hematite bearing Revett Formation (zone VII). From the pyrite-galena
core outward this mineral zonation resembles a reverse roll front
sequence, reflecting a gradual increase in oxygen fugacity and/or a
decrease in sulfur activity.
Along the outer^astern fringes of this
distinct wedge, minor oppositely zoned wedges extend into the overall
geometry reflecting normal roll front processes, whereby the reverse
mineral zonation in present. The deposit as a whole is stratabound
within the lower Revett Formation, but individual zone boundaries
cross bedding at various angles, suggesting an epigenetic origin for
the Rock Lake deposit.
Log f02 vs. aSS activity diagrams show that the stability fields
of hematite, magnetite, pyrite, chalcopyrite, bornite, chalcocite, and
native copper are consistent with the observed mineral boundaries.
End member hydrothermal fluid estimates indicate that the solubility
of copper as a bisulfide complex is too low to account for the amount
of copper at Rock Lake. Therefore, it is likely that copper and silver
were carried as metal-chloride complexes rather than as metalbisulfide complexes.
Lead isotope compositions of sulfides from the pyrite-galena
zone are extremely non-radiogenic and plot near the 1.0 Ga mixing line
isochron between the upper crustal shale curve of Godwin and Sinclair
(1982) and a calculated curve representing evolution of lead in the
upper mantle. With distance from the Rock Lake fault the lead
becomes increasingly more radiogenic suggesting that lead originated
from two sources, the upper mantle and the upper crust.

iV

Based on the distinct geometry of the deposit, thermodynamic
modeling, and lead isotopes, three models are proposed to account for
the origin of the Rock Lake deposit: (1) The one fluid model. In this
case a reduced sulfur-rich fluid, enriched in both copper and silver,
flowed up the Rock Lake fault and encountered the permeable sands at
the top of the Lower Revett Formation. The reduced fluid permeated
into the Revett and reacted with hematite and magnetite present in
the Revett, becoming progressively more oxidized with distance from
the fault, thereby successively precipitating pyrite, chalcopyrite,
bornite, and chalcocite. (2) The two fluid mixing model. In this model
a reduced fluid flowing up the Rock Lake fault permeated into the
Revett sands and mixed with an oxidized metal-rich fluid flowing
through the Revett aquifer. Mixing of the oxidized fluid with
increasing proportions of the reduced fluid would have created a
migrating redox interface outward from the Rock Lake fault.
Successive precipitation of pyrite, chalcopyrite, bornite, and
chalcocite took place at this interface. (3) The two successive fluids
model. In this model a reduced pyrite-rich fluid flowed up the Rock
Lake fault, leaked into the Revett Formation and precipitated a thick
wedge of pyrite and galena. A later oxidized, metal-rich fluid,
flowing laterally through the Revett encountered this thick wedge of
pyrite and reacted around the margins, locally penetrating along
permeable zones.
Copper-sulfides were successively precipitated
around the reduced wedge in a normal roll front sequence of hematite,
chalcocite, bornite, and chalcopyrite.
Because copper and silver are more easily carried as chloride
complexes, models two and three are more likely than model one. The
lead isotope analysis shows that lead compositions are increasingly
more radiogenic outward from the Rock Lake fault. This suggests
leaching of upper crustal lead by a fluid flowing long distances
through the Revett and later mixing with a reduced fluid carrying nonradiogenic lead. Therefore the two fluid mixing model is the best
model for the origin of the Rock Lake stratabound copper-silver
deposit.

V

Acknowledgments
This thesis could not have been completed without the help
of many people. I would like to begin by thanking Jontek Wodzicki,
the chair of my advisory committee. I could not have even begun this
thesis without him. The underlying hypothesis of this thesis is
Jontek's. I have merely expanded upon his idea with the hope of
proving it correct. Jontek was always willing to listen to me when
others had no time. Whether he agreed with me or not, Jontek's
respect for my ideas and views, not only on the topic of this thesis
but on life in general, has astounded me and I have always felt
honored by it. I would like to thank Liz Schermer for her masterful
critique of this thesis and especially for her help and ideas on the
lead isotope section. In addition, Liz has taught me how to critically
evaluate a geological idea. I would like to thank Russ Franklin. His
ideas and experience on the Rock Lake deposit have been invaluable
to the writing of this thesis. I would also like to thank Russ for a
job, and for his patience in providing me with the experience that I
craved. His never ending energy and excitement about rocks is a
breath of fresh air. Special thanks must also go to Russ Franklin and
to Kennecott Exploration for providing me with inordinate amounts
of geological data on the Rock Lake deposit, for funding my work for
the past two years, and most importantly for funding the lead
isotope analysis of this thesis. Denise Sanders and Noranda I thank
for providing Kennecott Exploration with the core samples needed
for this study. Thanks to Lea Gilbertson for crushing and separating
the sulfides for the lead isotope analysis. I would like to thank the
entire faculty of the geology department at Western for all of the
help and learning, for the 400 dollar grant, and for hiring me as a
teaching assistant.

VI

TABLE OF CONTENTS
Abstract

iv

Acknowledgments

vi

Table of Contents

vii

List of Figures

ix

List of Tables

xiv

List of Plates

xv

Introduction

1

Exploration History and Ore Reserves

5

Regional Geology

6

Stratigraphy

9

Depositional History

12

Structure and Metamorphism

17

Geologic Description of the Rock Lake Area

25

Stratigraphy

26

Structure

31

Metamorphism

39

Mineral Zonation and Paragenesis

41

Ore Textures

44

Thermodynamic Calculations

53

Interpretation of the Activity Diagram

VII

56

Lead Isotopes

59

Discussion

66

Epigenetic Origin of theRock Lake Deposit

66

The Rock Lake Fault as

67

aSulfide Fluid Conduit

One Fluid Model

71

Two Fluid Mixing Model

12.

Two Successive Fluids Model

75

Source of Metals

76

Conclusion

78

References

82

vi ii

List of Figures

Figure 1a.

Regional map showing the location of the Cabinet
Mountains Wilderness Area, Noxon, and Rock Lake.

Figure 1b.

Photograph of Rock Lake, looking northwest along
the Rock Lake

Figure 2.

2

fault, towards St.Paul Pass.

3

Regional map showing the location of Spar Lake,
Rock Peak, Rock Lake, and other Cu-Ag ore deposits
and prospects in northwestern Montana and eastern
Idaho (adapted from Hayes,1990).

Figure 3.

4

Regional map of western North America, showing
the location of the Belt Supergroup sediments and
other Proterozoic correlatives (adapted from Link
et al., 1993).

Figure 4.

7

Regional map showing boundaries of Belt basin
sediments, general structural trends, and
Cretaceous batholiths (adapted from Harrison,
1972).

Figure 5.

8

Stratigraphic section through the Belt basin,
showing thickness of units and the unconformity
between the Cambrian Flathead sandstone and the
underlying Belt rocks (adapted from Harrison,
1972).

Figure 6.

10

Generalized stratigraphic column of the Belt
Supergroup in the vicinity of Rock Lake.
modified from Henrickson, 1984.

Diagram
1 1

Figure 7.

Stratigraphic cross-section of Belt sediment types
from Coeur D' Alene to Glacier National Park.
Sediment types relevant to this thesis lie in the
Region from Coeur D' Alene to Plains (adapted from
Link et al., 1993).

Figure 8.

1 3

Eastward extending embayments where Belt
sediments were deposited, proposed by Harrison
(1974), (adapted from Link et al., 1993).

Figure 9.

Partly enclosed marine Belt basin of Cressman
(1989).

The Siberian Shield provides the western

boundary (adapted from Link et al., 1993).
Figure 10.

14

16

Block diagram showing deposition of Ravalli Group
sediments in an enclosed basin, proposed by
Winston et al., (1994), (adapted from Link et al..
1993).

Figure 11.

18

General structural map of the Belt basin (adapted
from Link et al, 1993).

Figure 12.

20

Geologic and structural map of the Belt basin
showing specific faults, especially along the Lewis
and Clark Line.

Map also shows Spar Lake and Rock

Creek/Rock Lake deposits (adapted from Bournes,
1991).
Figure 13.

21

General structural map showing the inferred Jocko
and Garnet Lines and their reflection in the
Phanerozoic structural overprint (adapted from
Link et al., 1993).

22

X

Figure 14.

Clockwise rotation of the Purcell Anticlinoreum
about an Euler pole south of Helena, Montana.

The

original position of the Purcell Anticlinoreum was
along the Lewis and Clark Line (adapted from Sears,
1994).
Figure 15.

23

Cross-section through the Rock Lake area showing
geology and approximate area of sulfide
mineralization.

Figure 16.

29

Stratigraphic column showing the Upper Revett,
Middle Revett, and the A, B, and C beds of the Lower
Revett (adapted from U.S. Borax & Chemical Corp.
data).

Figure 17.

30

S-pole diagram, representing poles to bedding, of
syncline near Site Apex 1 (see Plate 1), (adapted
from U.S. Borax & Chemical Corp. data).

Figure 18.

32

S-pole diagram, representing poles to bedding, of
syncline near Site 3 (see Plate 1), (adapted from
U.S. Borax & Chemical Corp. data).

Figure 19.

33

Generalized geologic and structural map showing
Libby Lake fault as part of the Snowshoe Thrust
System.

Also shows Rock Lake fault cutting Libby

Lake fault/Snowshoe thrust and overturned
syncline (adapted from Fillipone and Yin, 1994).
Figure 20.

35

Regional cross-section showing mineralization in
the Lower Revett at Rock Lake and in the Middle
Revett west of the Rock Lake fault.

Diagram is

modified from U.S. Borax & Chemical Corp. data.

37

Figure 21.

Cross-section showing mineralization in quartzite
bed of the Middle Revett, across the Copper Lake
fault.

Diagram is modified from U.S. Borax &

Chemical Corp. data.
Figure 22.

Photomicrograph of micas showing a pronounced
phyllitic

Figure 23.

38

foliation.

40

Photomicrograph of micas near a fault showing
two distinct foliations; the later being related to
faulting.

Figure 24.

40

Photomicrograph of opaque ore minerals parallel to
foliation, defined by muscovite parallel to the axial
planar cleavage of the Rock Lake syncline.

Figure 25.

Photomicrograph of Cu-sulfides (opaque minerals)
filling spaces between silicates.

Figure 26.

45

Photomicrograph of galena and chalcopyrite in
direct contact.

Figure 27.

46

Photomicrograph of bornite and chalcopyrite in
direct contact.

Figure 28.

46

Photomicrograph of bornite and chalcocite in
direct contact.

Figure 29.

48

Photomicrograph showing exsolution of
chalcopyrite along crystallographic

Figure 30.

45

axisin bornite.

48

Photomicrograph showing exsolution resulting in
migration of chalcopyrite and digenite to grain
boundaries in bornite.

XII

49

Figure 31.

Photomicrograph showing graphic intergrowth
between bornite and chalcocite; also showing
silver in contact

Figure 32.

bornite.

andchalcopyrite.

50

Photomicrograph of inclusion of bornite within a
magnetite grain.

Figure 34.

49

Photomicrograph showing graphic intergrowth
between bornite

Figure 33.

with

50

Photomicrograph of hematite in direct contact
with graphic bornite and chalcocite, within the
bornite-chalcocite +/- hematite zone.

Figure 35.

Photomicrograph of silver in direct contact with
bornite.

Figure 36.

51

51

Photomicrograph of ilmenite being replaced by
Leucoxene.

52

Figure 37a. Plot of 206pb/204pp vs. 207pp/204pb at Rock
Lake.

Shown are the Shale and Bluebell curves of

Godwin and Sinclair (1984) and a curve
representing evolution of non-radiogenic lead
possibly in the upper mantle.

63

Figure 37b. Plot of 206pb/204pb vs. 208pb/204pb at Rock
Lake.

Shown are the Shale and Bluebell curves of

Godwin and Sinclair (1984) and a curve
representing evolution of non-radiogenic lead,
possibly in the upper mantle.

xi ii

64

List of Tables

Table 1.
Table 2.

Mineralogical zones of the Rock Lake deposit.
List of equilibrium constants used to construct activity
diagrams.

Table 3.

42

55

Lead isotope ratios for the Rock Lake deposit.

XIV

60

List of Plates

Plate 1.
Plate 2.

Geologic map of the Rock Lake Area.
Schematic cross-section looking north through the Rock
Lake deposit showing the top of the Lower Revett and the
mineralized zone.

Mineral zone boundaries were plotted

from an analysis of polished thin sections cut from U.S.
Borax & Chemical Corp. drill core.
been straightened horizontally,

The Lower Revett has

therefore the geometry of

the mineralized horizon represents the original Proterozoic
geometry of the deposit.
Plate 3.

Fence diagram through the Rock Lake deposit showing
successive vertical cross-sections of the mineral zones,
from the south end of the deposit northward.

Plate 4.

Overlying activity diagrams for the Rock Lake deposit.

**AII plates are located in back pocket.**

XV

Introduction
The Rock Lake copper-silver deposit is located in the Cabinet
Mountains Wilderness Area, about 8 miles northeast of Noxon, Montana
(Fig. 1a and 1b).

The deposit is a zoned, stratiform, red-bed type

deposit, occurring within the Revett Formation of the Proterozoic
Belt Supergroup.

It is characterized by disseminated, zonally

distributed sulfides that occur at an oxidation-reduction boundary.
The Rock Lake deposit is similar to other deposits associated with
red beds and redox boundaries, such as Spar Lake (Fig. 2), (Hayes et al
1986), Rock Peak (Fig. 2), (Wodzicki, 1989), and in some respects, the
Kuperschiefer deposits of Poland (Wodzicki and Piestryzyhski, 1994).
These types of deposits are an important source of Cu, second only to
porphyry-type Cu deposits.
During this study two square kilometers have been mapped near
Rock Lake.

One hundred and fourty polished thin sections cut from

17,251 m of drill core have been examined using a
transmitted/reflected light microscope.

Thermodynamic calculations

have been conducted in order to model physico-chemical conditions of
mineralization.

Sulfide concentrates from seven sites along an east-

west transect, across the Rock Lake deposit, have been analysed by
Chemical and Mineralogical Services Company for their lead isotope
compositions.

The main purpose of this thesis is to determine the

origin of the Rock Lake deposit.

Specifically, what is the structural

and geologic history of the Rock Lake area, what is the mineralogy and
mineral zonation within the deposit, were there one or two
hydrothermal fluids involved, what was the direction of flow of the
fluids, what was the source of the fluids and metals, what were the

Figure la.

Regional map showing the location of the Cabinet
Mountains Wilderness Area, Noxon, and Rock Lake.
2

Figure 1 b.

Photograph of Rock Lake, looking northwest along the Rock
Lake Fault, towards St. Paul Pass.

3

Figure 2.

Regional map showing the location of Spar Lake, Rock Peak,
Rock Lake, and other Cu-Ag ore deposits and prospects in
northwestern Montana and eastern Idaho (adapted from
Hayes, 1990). (X) represents copper-silver resource that
has been defined; (x) represents copper occurrences.

4

physical and chemical conditions of mineralization, and what were
the causes of mineral precipitation?

Exploration

History

and

Ore

Reserves

Tne KodK uaxe aeposit'Was oiscovereo in

wnen'u.:>. Borax a '

Chemical Corp. geologists spotted a small outcropping of green
-stained copper-silver mineralization along the east side of Rock
Lake (Franklin, pers. com., 1994).

Surface sampling and mapping

suggested the presence of a major stratiform copper-silver deposit
gently dipping to the north (Henricksen and Franklin, 1987).

Based on

this information a drilling program was initiated in the summers of
1985 and 1986.
drilled.

A total of 31 drill holes totaling 17,251 m were

The resulting drill data delineated a major copper-silver

deposit with a minimum average ore reserve of 142 million tons with
an average copper grade of 0.78% and an average silver grade of 72 g
per ton at a cutoff of 25.7 g per ton silver (Franklin, pers. com., 1996).
In addition the deposit was found to be open-ended to the north of the
last drill site, increasing the potential for higher reserve values.

In

1987 U.S. Borax & Chemical Corp. sold the Rock Lake deposit to
Noranda Co. Noranda began construction of one 8.8 km long access
tunnel just outside the eastern boundary of the Cabinet Mountains
Wilderness area.

Although these tunnels were to have accessed the

copper-silver mineralization from outside the wilderness area,
construction is currently suspended.

5

Regional

Geology

Sedimentary rocks of the Proterozoic Belt basin were deposited
in an epicratonic sea which extended along the western margin of the
North American Precambrian craton approximately 1600-1300 Ma
(Burchfiel et al., 1993).

Rocks of Belt age crop out from Alaska to

Arizona but are most extensively exposed in northwestern Montana,
Idaho, northeastern Washington, where they are known as the Belt
Supergroup, and southeastern British Columbia, where they are known
as the Purcell Supergroup (Fig. 3). The basin was bounded on the north,
east and south by the North American craton.

Although sediment

provenance was mainly the North American craton, sedimentological
studies by Winston and others (1984) also indicates a western source
of elastics.

A number of geographic reconstructions have been

proposed for the Proterozoic, placing different land masses adjacent
to the Belt basin on the west.

Sears and Price (1978) suggest that the

Belt basin was bounded on the west by Siberia.

Bell and Jefferson

(1987) and Ross (1991) place Australia adjacent to the Belt basin.
Dalziel (1991), Hoffman (1991), and Moores (1991) suggest that the
Belt basin was situated within a Middle Proterozoic supercontinent
and bounded on the west by Antarctica.
The Belt Supergroup is bounded on the east by the northeastern
edge of the Montana Disturbed belt and is buried to the west by
Columbia River basalt (Fig. 4), (Harrison, 1972).

The late Proterozoic

(780-560 Ma) Windermere System overlaps the Belt Supergroup to the
northwest (Harrison, 1972).

In western Montana and northeastern

Idaho the rocks of the Belt Supergroup are covered by Paleozoic and
Mesozoic sediments.

The oldest unit in this overlying Phanerozoic

6

Figure 3.

Regional map of western North America, showing the
location of the Belt Supergroup sediments and other
Proterozoic correlatives (adapted from Link et al, 1993).

7

Figure 4.

Regional map showing boundaries of Belt basin sediments,
general structural trends, and Cretaceous batholiths
(adapted from Harrison, 1972).

8

sequence is the Cambrian Flathead Sandstone, which unconformably
overlies the Belt rocks.
Although the base of the Belt Supergroup is not exposed in
northwestern Montana, the thickest exposed section is located near
Alberton, Montana and is about 20,435 m thick (Fig. 5), (Wallace and
Hosterman, 1956, after Harrison, 1972).

During the late Proterozoic

(ca. 1237-818 Ma), (Burchfiel et al, 1993), this thick sequence of Belt
sediments was intruded by as much as two km of dioritic to gabbroic
sills called the Moyie Sills.

Other intrusive rocks consist of Mesozoic

and Cenozoic trachyandesite sills in the east and more felsic plutons
in the western and southern regions of the basin (Harrison, 1972).

Stratigraphy
The oldest exposed unit of the Belt Supergroup in northwestern
Montana and northern Idaho is the Prichard Formation (Fig. 6).

This

unit is nearly 10 km thick and is inferred to lie on top of Archean
crystalline basement rocks of the North America craton.

The Prichard

Formation is a deep water, reduced facies consisting of pyrite-rich
and pyrrhotite-rich carbonaceous sediments.

Cressman (1989)

divided the Prichard into two coarsening-upward sequences.

The

lower Prichard consists of a coarsening-upward sequence from thinly
laminated argillite and siltite turbidites in the lower section to
cross-bedded quartzite in the upper section.

The upper Prichard is

characterized by a coarsening-upward sequence from planar laminated
black and gray siltites and argillites to cross-bedded siltite and
quartzite.

These sediments are locally black, due to biotite grade

burial metamorphism and the presence of graphite (Link et al, 1993).
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In addition, two km of diabase sills (Moyie Sills) are intruded into the
Prichard sediments (Cressman, 1989).
The Prichard Formation is overlain by the Ravalli Group, which
includes the Burke, Revett, and St. Regis Formations (Fig. 6).

The

Middle Belt Carbonate overlies the Ravalli Group and in the study area
includes the Empire and the Wallace Formations (Fig. 6).

The Middle

Belt Carbonate is in turn overlain by the Missoula Group (Fig. 6), a
thick sequence of argillites, arenites, and thin carbonates (Fig. 7),
(Link, 1993).

The sediments of the Ravalli Group and the Middle Belt

Carbonate will be discussed in more detail in the section on the
geology of the Rock Lake area.

Depositional History
The sedimentology of the Belt Supergroup of western Montana and
northern Idaho has been extensively studied to determine depositional
setting and history.

Two main interpretations have arisen.

The first

interpretation maintains that the Belt Supergroup sediments were
deposited in deltaic, marine tidal flat, and open-marine environments
Harrison (1974), and

that the Belt Supergroup was deposited in

eastward extending embayments from a west facing miogeocline
along the western margin of North America (Fig. 8).

Later work by

Cressman (1989) suggests that during deposition of the Prichard
Formation, the Siberian Shield provided a partial western boundary,
creating a partly enclosed marine basin (Fig. 9). The second
interpretation proposed by Winston and others (1984) holds that the
Belt sediments were deposited in an enclosed continental basin and
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Figure 8.

Eastward extending embayments where Belt sediments were
deposited, proposed by Harrison (1974), (adapted from Link
et al, 1 993).
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represent alluvial aprons, sand flats, playas, and perennial lakes (Fig.
10).

Both interpretations are briefly discussed below.
According to the marine interpretation the Prichard Formation

represents the first and most extensive marine transgression that
affected the Belt basin.

Cressman (1989) suggests that the Prichard

represents prograding submarine delta complexes into the partly
enclosed marine Belt basin (Fig. 9).

Because of the immensity of the

Prichard delta complex, Cressman (1989) gives credence to the
marine interpretation rather than a perennial lake in an enclosed
basin.
Overlying the Prichard Formation, the sediments of the Ravalli
Group are thought to represent a marine regression.

These

mudcracked, rippled, and cross-bedded argillites, siltites, and
quartzites are generally interpreted as prograding foreshore,
forebeach, and intertidal sequences, consisting of exposed tidal flats,
alluvial plains, beaches, and deltas.
The most commonly accepted interpretation of the middle Belt
Carbonate is that it represents a second transgressive sequence.

The

cyclical layers of dolomite and siliciclastic sediments, found in both
the Helena and the Wallace formation, suggest cycles of marine
transgression and regression (Horodyski, 1983).
The sediments of the Missoula Group have been interpreted by
Horodyski (1983) to be marine intertidal, grading upward to subtidal.
Kidder (1988) suggests that the uppermost Missoula Group sediments
represent a last transgression, caused by tectonic expansion of the
basin.
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^

Low relief;
arid to semiarid

Helena
Embayment

Figure 9.

Partly enclosed marine Belt basin of Cressman (1989). The
Siberian Shield provides the western boundary (adapted
from Link et al, 1993).
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According to the enclosed basin interpretation of Winston and
others (1984), fine couplets of alternating carbon and monazite-rich
layers in the Prichard reflect mixing and deposition of sediments in
an enclosed basin.

Although this is somewhat tenuous, most of the

evidence for deposition of the Belt Supergroup In an enclosed basin
comes from the Ravalli (Fig. 10) and Missoula Groups.

In general,

these sediments were deposited by flood waters which flowed down
alluvial aprons into enclosed basins.

As these perennial lakes

evaporated between floods they formed mudcracked and rippled,
lacustrine mudflats (Link et al, 1993).

The cyclical alternations of

siliclastic and dolomite layers within the Middle Belt Carbonate also
lends credence to the enclosed basin model.

These cycles suggest

alternation of humid, high erosion periods with arid, low erosion
periods.

In an enclosed basin precipitation of dolomite would take

place during the arid periods.

This is due to a change In water

chemistry from undersaturated conditions with respect to (CaMg)C03
to supersaturation with respect to (CaMg)C03 (Link, 1993).
Siliclastic sediments would be deposited during humid periods.

Structure and Metamorphism
Proterozoic block faulting and subsidence of continental crust
formed the Belt basin.

In order for the huge thicknesses of Belt rocks

to form, these structural features were probably pre, syn, and post
sedimentary structures.

During the late Proterozoic, uplift and mild

deformation were followed by erosion.

These events represent the

East Kootenay Orogeny (ca., 1300-1200 Ma) of McMechan (1982), and
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Block diagram showing deposition of Ravalli Group
sediments in an enclosed basin, proposed by Winston et al.
(1994), (adapted from Link et al, 1993).
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include gentle folding, high-angle faulting, and intrusion of basic sills
(Harrison et al, 1974).
Important Proterozoic structural features are shown in
figures 11, 12, and 13.

Although Billingsley and Locke (1339)

correctly suggested that the faults of the west-northwest-trending
Lewis and Clark line formed a Cretaceous tear fault system, igneous
relationships, stratigraphic evidence, and lead Isotope data docurneni
significant Proterozoic events along the northwest trending Lewis
and Clark Line.

These include movement along the Osburn strike-slip

fault zone in the western part of the Lewis and Clark line (Hobbs et
al., 1972) and movement along the Hope strike-slip fault (Harrison et
al., 1972), (Fig. 12).

Proterozoic movement along the Willow Creek

normal fault, associated with the basin-bounding Perry Line, has also
been documented by McMannis (1963) (Fig. 11 and 13).
Another structural interpretation of the Belt basin (Winston,
1986), breaks it into a series of subsiding blocks.

In this

interpretation the Lewis and Clark line is composed of two eaststriking fault systems, the Garnet and Jocko lines (Fig. 13).

These

east-striking faults, in addition to the Perry line and the northwest
trending Townsend line, cut the Belt rocks into various subsiding
blocks.

Because of local thickening and soft-sediment deformation

near these faults, Winston (1986) infers that they were active during
Beit sedimentation and thus are Proterozoic in age.

Mesozoic thrusts

and Cenozoic extensionai faults change strike, forming tear faults,
where they cross these Proterozoic block boundaries.

Therefore,

Winston (1986) inferred that these blocks represent individual
structural domains.
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Figure 11

General structural map of the Belt basin. BF, Blacktail
fault; BPF, Badger Pass fault; CF, Centenial fault; EF, East
fault and Spar Lake deposit; GFT, Great Falls tectonic
zone; HF, Hope fault; HPF, Horse Prairie fault; MBF, Miner
Lake-Beaverhead Divide fault; MMF, McCartney Mountain
fault; OF, Osburn fault; PCF, Panther Creek fault; VVF,
Volcano Valley fault and Sheep Creek sulfide deposit; WCF,
Willow Creek fault (adapted from Link et al, 1993).
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Figure 12

Geologic and structural map of the Belt basin showing
specific faults, especially along the Lewis and Clark Line.
Map also shows Spar Lake and Rock Creek/Rock Lake
deposits (adapted from Bournes, 1991)
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Figure 13

General strucural map showing the infered Jocko and
Garnet Lines and their reflection in the Phanerozoic
structural overprint (adapted from Link et al, 1993).
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of the Purcell Anticlinorium was along the Lewis and
Clark Line (adapted from Sears, 1994). (X)'s represent
approximate, original location (before rotation) of Rock
Lake, Rock Peak, Spar Lake, and numerous other copper
occurrences.
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Using lead isotopes, Zartman and Stacy (1971) have added
evidence for extensive Proterozoic structural activity in the Belt
basin. Galena found along the Osburn and Hope faults and many other
faults in the basin (including the Rock Lake fault) is interpreted to be
Proterozoic in age (Zartman and Stacy, 1971).

In addition, recent

investigations at Rock Lake and Rock Peak, by Lange and Sherry (1986)
and Franklin (pers. com. 1994), suggest the presence of steep, premetamorphic, syndepositional, basin growth faults (e.g. Rock Lake
Fault) displacing large sections of Belt sediments.
Prominent structural features deforming the Belt rocks include
Cretaceous and Tertiary compressional deformation during the Sevier
and Laramide orogenies, and extensional basin and range faulting
during the Paleocene and Eocene.

The

Laramide deformation was the

most intense, causing folding and thrusting and pervasive greenschist
metamorphism of Belt rocks throughout northwest Montana and
northern Idaho (Link et al, 1993).

The intrusion of large batholiths

(Boulder and Idaho batholiths) locally metamorphosed the Belt rocks
to sillimanite grade (Link et al, 1993).

Later Cenozoic extension cut

the Laramide thrust plates into large extensional blocks.
Sears (1994) provides evidence that Cretaceous through
Paleocene thrusting rotated the Belt basin 25-30 degrees in a
clockwise direction about an Euler pole located just south of Helena,
Montana (Fig. 14).

He suggests that because of rotation along thrust

plates, marginal facies of the northeast side of the Belt basin, now
located on the northeast limb of the Purcell anticlinorium, originally
occupied a position along the Lewis and Clark line.

Therefore the

Purcell anticlinorium represents a structurally inverted part of the

24

Belt basin and the Lewis and Clark line defines the original location
of the northeastern margin of the Belt basin (Sears, 1994).

If the

clockwise Laramide rotation of approximately 25°-30° is correct,
this places the Spar Lake, Rock Peak, Rock Lake deposits, and
numerous other occurrences just south of the Lewis and Clark line
(Fig. 14), along what would have been the southern margin of the
basin.

Restoration of the individual fault blocks and the basin as a

whole will most certainly affect exploration and the analysis of
mineral potential throughout the basin.
Although metamorphism of the Belt Supergroup is predominantly
greenschist facies to the biotite isograd, higher grade metamorphic
zones exist around intrusive rocks.

The greenschist metamorphism is

probably mainly a result of burial metamorphism and deformation
related to the late Proterozoic orogenies and the Mesozoic-Cenozoic
Laramide orogeny (Harrison, 1972).

In addition. Link et al. (1993)

state that mafic magmatism during Belt deposition and emplacement
of thick sequences of sills may have increased the geothermal
gradient and contributed to greenschist facies metamorphism.

Geologic Description of the Rock Lake Area
Information from geologic maps and cross-sections made by U.S.
Borax and Chemical Corp. and two weeks of mapping by the author
during 1994 and 1995 have provided the basis for the following
geologic description of the Rock Lake area.
The stratigraphy at Rock Lake consists from bottom to top: the
Prichard Formation, the Burke Formation, the Revett Formation, the
St. Regis Formation, the Empire Formation, and the Wallace Formation
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(Fig. 6). The entire package has been offset by the Rock Lake Fault, a
steep, north-striking fault; possibly a basin growth fault (Franklin
and Wodzicki, pers. comm., 1994) and is folded into an overturned
doubly plunging syncline, which has its eastern limb cut by a westverging thrust fault (Plate 1 and Fig. 15a).

Stratigraphy
The Prichard Formation is not exposed at Rock Lake but crops out
nearby along the eastern slope of the Cabinet Mountains.

It is a deep

water, reduced facies consisting of pyrite-rich and pyrrhotite-rich
sediments.
The overlying Burke Formation is less reduced and contains
magnetite and hematite.

Although the lower Burke is not exposed at

Rock Lake the entire formation is probably about 976 m thick
(Harrison and Campbell, 1963).

The upper Burke is characterized by

dark blue-gray beds of siltite interlayered with argillite and locally

thin, tabular interbeds of quartzite.

As the Burke grades upward into

the Revett Formation these tabular quartzite beds gradually become
thicker.
The Revett Formation records an accumulation of sands and minor
silts, deposited under oxidizing conditions.

It is characterized by

well sorted white, gray, and lavender quartzite and siltite.

Before

diagenesis and metamorphism the Revett formation would have been
highly permeable and probably represents the first major paleoaquifer upsection from the Prichard Formation.

At Rock Lake the

Revett Formation is >600 m thick and consists of three informal
members, the lower, middle, and upper members (Fig. 16).
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The lower

Revett is >350 m thick at Rock Lake. The upper part of the lower
Revett hosts the ore and has been subdivided into a lettering scheme
by ASARCO geologists and Hayes (1984) (Fig. 16). To date, ore grade
mineralization has been found in the A, B, and C beds of the upper part
of the lower Revett, and locally grades down to the E beds.

Below the

C beds the lower Revett consists primarily of fine to medium grained,
locally crossbedded quartzites with interbedded siltite-argillite
sequences.

These sequences of fine grained siltite-argillite laminae

increase in number and thickness downward toward the top of the
Burke Formation.
The C beds average 20 m thick and consist almost entirely of fine
to medium grained quartzites (Henricksen, 1985).

The B beds range in

thickness from 18 m to 23 m (Henricksen and Franklin, 1986), and
consist of fine to medium grained micaceous quartzite with
interbedded, thin siltite-argillite couplets.

The A beds of the

uppermost part of the lower Revett range in thickness from 42 m to
60 m (Henricksen and Franklin, 1986).

They consist of well-sorted,

fine to medium grained, cross-bedded to horizontally laminated
quartzites.
The middle Revett ranges In thickness from 130 m to 197 m
(Henricksen and Franklin, 1986) (Fig. 16).

At the Spar Lake deposit

Hayes (1984), states that the thickness of the middle Revett is 88 m.
Henricksen (1986) suggests that this difference in thickness over
such a short distance may be due to basin-margin growth faulting.
The middle Revett consists primarily of siltite to silty-quartzite,
with minor quartzite interbeds.
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The upper Revett ranges in thickness from 67 m to 82 m
(Henricksen and Franklin, 1986), (Fig. 16).

It is composed primarily of

clean, fine to medium grained, crossbedded to horizontally laminated
quartzites.

Interbedded within these quartzites are minor siltite to

very fine quartzite laminae.

There is a transition zone from the upper

Revett into the St. Regis Formation, characterized by an increase in
the abundance of siltite beds. The contact between the upper Revett
and the overlying St. Regis Formation is situated at the top of the
uppermost, thick, cross-bedded quartzite of the transition zone.
The St. Regis Formation is about 214 m thick in the Rock Lake area.
The lower part of the St. Regis Formation consists primarily of siltite
with locally interbedded, thin (1-10 cm) and rarely thick (.5-1 m),
quartzite laminae.

The upper part of the St. Regis Formation consists

mainly of waxy green argillite with minor calcareous siltite.

A

transition zone upward, into the Empire Formation is defined by an
increase in dolomite-cemented siltite beds.
The Empire Formation ranges from 91 m to 122 m thick at Rock
Lake.

The formation is distinguished from the St. Regis Formation by

an increase in the number of carbonate-cemented siltite beds.

These

calcareous siltites are interbedded within thinly bedded, noncalcareous siltites and argillites (Henricksen and Franklin, 1986).
The proportion of carbonate beds increase upward toward the Wallace
Formation.
The Wallace Formation is the youngest unit found at Rock Lake.
Although the top of the unit is not exposed at Rock Lake, the original
thickness, based on isopachs drawn through the Cabinet Mountains by
Harrison and Campbell (1963), was probably about 3355 m thick.
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At

Figure 1 5a. Cross-section through the Rock Lake area; showing
geology and approximate area of sulfide mineralization
(area outlined in red). For explanation of symbols see
plate 1.
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Figure 16.

Stratigraphic column showing the Upper Revett, Middle
Revett, and the A, B, and C beds of the Lower Revett.
Stippled areas represent silty quartzite (adapted from U.S.
Borax & Chemical Corp. data).
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Rock lake the Wallace Formation is composed of silty, tan to brown
dolomite interbedded with clean gray dolomite.
non-calcareous siltite and argillite also exist.
display molar-tooth structure.

Local interbeds of
Dolomite beds locally

Highly irregular bedding planes are

common between dolomite beds.

These are interpreted as either

stylolitic sutures or stromatolitic algal mats.

At least 3 thin (10 cm

to 50 cm) mafic sills are intruded into the Wallace Formation at Rock
Lake.

These sills have been metamorphosed to the greenschist facies.

Structure
Drilling and geologic mapping by U.S. Borax & Chemical Corp.
ascertained that the Rock Lake deposit lies along the lower limb of an
overturned syncline (Fig. 1 5a). The syncline is bounded on the
southwest by the Rock Lake fault and on the northeast by the Libby
Lake fault (Plate 1, Fig. 15a).

The syncline is inclined, asymmetric,

and plunges gently to the northwest (Plate 1). The east limb of the
syncline is overturned (Plate 1, Fig. 1 5a).

S-pole diagrams, and equal

area stereo plots of bedding, were constructed by U.S. Borax &
Chemical Corp. (1985, 1986) and indicate that at the south end of the
deposit the attitude of the axial plane is N 30° W dip 32° NE
(Henricksen, Franklin, 1987), (Fig. 17).

To the northwest, the attitude

of the axial plane changes to N 27° W dip 56° NE (Henricksen, Franklin,
1987), (Fig. 18). The orientation of the fold axis along the entire
syncline measures about 16° to N 10° W (Henricksen, Franklin, 1987)
(Plate 1).
The Libby Lake fault bounds the Rock Lake syncline on the
northeast (Plate 1).

Dipping 45°-75° to the northeast (Henricksen and

31

N

Figure 17.

S-pole diagram, representing poles to bedding, of syncline
near Site Apex 1 (see Plate 1). AP = Axial Plane, ft = Fold
Axis (adapted from U.S. Borax & Chemical Corp. data).
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Figure 18.

S-pole diagram, representing poles to bedding, of syndine
near Site 3 (see Plate 1). AP = Axial Plane, B = Fold Axis
(adapted from U.S. Borax and Chemical Corp. data).
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Franklin, 1987), the Libby Lake fault parallels the axis of the syncline
and cuts the eastern limb (Plate 1, Fig. 15a).

The Libby lake fault is a

west-verging thrust that is part of the late Cretaceous Laramide
Snowshoe thrust system and is shown in figure 19 as the Snowshoe
thrust.

It is a southern splay of the Snowshoe thrust system and is

truncated by the Rock Lake fault south of Rock Lake (Fig. 19).
The Rock Lake fault strikes approximately N 35° W, is nearly
parallel to the fold axis, and cuts the western limb of the syncline
(Plate 1, Fig. 15a).

It is nearly vertical with at least 763 m of

vertical separation down to the northeast (Henricksen and Franklin,
1987). The fault zone is 2 to 5 m wide (Fillipone and Yin, 1994) and
contains breccia and gouge, which are exposed at St. Paul Pass (Plate

1).
The age and kinematics the Rock Lake fault are a matter of
debate.

Although Harrison et al. (1992) interpreted the Rock Lake

fault in terms of Laramide thrusting, Fillipone and Yin (1994) provide
compelling evidence that the fault is a later extensional structure,
possibly related to the Hope fault.

Mapping and drilling by U.S. Borax

& Chemical Corp. provides evidence that the Rock Lake fault has had a
longer history and was active in both the Proterozoic and the Eocene.
According to Fillipone and Yin (1994), west-verging folds and
thrusts (e.g. the Rock Lake syncline and the Libby Lake fault)
associated with Laramide deformation are cut by the Rock Lake fault
(Fig. 19).

In addition, small scale folds and normal and reverse faults

exposed in the western limb of the syncline and terminating at the
Rock Lake fault have been interpreted by Fillipone and Yin (1994) to be
imbricate structures associated with the late Cretaceous Snowshoe
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Figure 19.

Generalized geologic and structural map showing Libby
Lake Fault as part of the Snowshoe Thrust System. Also
shows Rock Lake fault cutting Libby Lake fault/Snowshoe
thrust and overturned syncline. Relevant localities are;
(a) Rock Lake, (b) Rock Peak, (c) Rock Creek, (d) St. Paul
Pass (adapted and modified from Fillipone and Yin, 1994).
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thrust system.

Since these structures are not evident west of the

Rock Lake fault, Fillipone and Yin (1994) suggest that they have been
truncated by the Rock Lake fault.

It should also be noted that these

small-scale faults may represent imbricate splays associated with
movement along the Rock Lake fault.

East dipping cleavage, which is

axial-planar to the Rock Lake syncline and other folds within the
Snowshoe thrust system occurs both east and west of the fault, but is
highly distorted near the Rock Lake fault (Fillipone and Yin, 1994).
This was verified during fieldwork for this thesis and provides more
evidence for post-Laramide extensional movement along the Rock Lake
fault.

Finally, radiometric dating of intrusive stocks within and

coeval with the Snowshoe thrust system, combined with the cross
cutting relationships described above, suggest that some
displacement along the Rock Lake fault took place after about 69 to
71 Ma (Fillipone and Yin, 1994).

In addition, Fillipone and Yin (1994)

suggest that the 54 Ma old Hayes Ridge stock is cut by the Rock Lake
fault (Fig. 19).

If this is true, then movement along the Rock Lake

fault is younger than 54 Ma.
Drill core analysis and mapping by U.S. Borax & Chemical Corp.
and mapping for this thesis also suggests recent, possibly Eocene,
extensional movement along the Rock Lake fault.

Drilling suggests

that the Rock Lake fault displaces the mineral zones, which are
thought to be Proterozoic in age (see section on epigenetic origin of
the Rock Lake deposit).
Although the above evidence shows that the Rock Lake fault was
involved in Eocene extensional tectonics, there is also evidence
suggesting that the Rock Lake fault was also active before
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Figure 20.

Regional cross-section showing mineralization in the
Lower Revett at Rock Lake and in the Middle Revett west
of the Rock Lake fault. Pcb, Burke Formation; Pclr, Lower
Revett; Pcmr, Middle Revett; Pcur, Upper Revett; Pcsr, St.
Regis Formation; Pew, Wallace Formation. Diagram is
modified from U.S. Borax & Chemical Corp. data.
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Figure 21.

Cross-section showing mineralization in quartzite bed of
the Middle Revett, across the Copper Lake fault (see figure
20). Diagram modified from U.S. Borax & Chemical Corp.

metamorphism and mineralization, during the Proterozoic (see section
on the Rock Lake fault as a fluid conduit).

Drilling and mapping by U.S.

Borax & Chemical Corp. geologists shows that mineralization similar
to that at Rock Lake is present to the west of the Rock Lake fault (Fig.
20), and is likely a continuation of the same mineralizing system.
East of the Rock Lake fault the mineralization is in the Lower Revett.
West of the Rock Lake fault, on Rock Peak, the mineralized zone is
within a quartzite bed of the Middle Revett (Fig. 20).

Further west the

Copper Lake fault down-drops the middle Revett to the east,
juxtaposing it against the Lower Revett (Fig. 20).

West of the Copper

Lake fault the mineralization Is in the lower Revett (Fig. 21).

This

suggests that faulting took place both before and after
mineralization.

Therefore, If mineralization took place during the

initial stages of diagenesis, then the Rock Lake fault was initiated
during the Proterozoic and may represent a basin-margin growth
fault.

In addition to this evidence, Zartman and Stacy (1971) dated

galena found along the Rock Lake fault at St. Paul Pass as singlestage lead with Proterozoic model ages of 1.2-1.5 Ga.

If this evidence

is correct, then It is likely that a Proterozoic Rock Lake fault was
remobilized during Eocene extensional tectonics.

Metamorphism
The rocks at Rock Lake have been regionally metamorphosed to
the greenschist facies.

Arenites, siltstones, and mudstones have been

metamorphosed to quartzites, siltites, and argillites.

Within the

Revett Formation the metamorphic mineral assemblage consists of
quartz + albite + muscovite +/- carbonate +/- biotite +/- chlorite.
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Figure.

23

Photomicrograph of micas near a fault, showing two
distinct foliations; the later being related to faulting.
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The meta-gabbroic sills contain the metamorphic assemblage albite +
epidote + chlorite + biotite + actinolite + sphene.
Mica-rich samples display a pronounced phyllitic foliation (Fig. 22).
Samples collected either along the northeast striking splays of the
Rock Lake fault or close to these faults show two distinct foliations
(Fig. 23).

At Rock Lake the first foliation (Si) is parallel to the axial

planar foliation of the syncline (Fig. 23), and therefore syntectonic.
The other foliation (S2) is only found near faults and probably related
to later movement along the faults.

Ore minerals are commonly

elongated and parallel to foliation, suggesting that they are pretectonic in origin (Fig. 24).

Mineral

Zonation

and

Paragenesis

At the Rock Lake deposit Cu-Ag mineralization occurs primarily
along quartzite beds within the upper portion of the lower member of
the Revett Formation (US Borax, drill data).

The copper-sulfide

minerals in order of abundance are bornite, chalcocite, chalcopyrite,
and locally digenite and covelite.

The iron minerals in order of

abundance include pyrite, magnetite, and hematite.

Galena is present

in association with pyrite, and ilmenite occurs throughout.

Hand lens

inspection by Franklin (1986) (pers. com., 1994), suggested the
existence of stratiform, zonally distributed ore minerals.

Inspection,

under reflected light, of 140 polished thin sections, cut from U.S.
Borax & Chemical Corp. drill core, was undertaken for this thesis.

The

resulting data conclusively delineates a zonally distributed coppersulfide system (Plates 2 and 3).

Vertically and horizontally, from the

center outward, these zones are shown in table 1:
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Table

1

Mineraloqical zones of the Rock Lake deposit
Zone I

-Dominant pyrite + galena

Zone II

-Dominant chalcopyrite +/- pyrite +/- magnetite

Zone III

-Dominant chalcopyrite + bornite +/- magnetite +/- silver

Zone IV

-Dominant bornite +/- silver +/- magnetite/hematite

Zone V

-Dominant bornite + chalcocite +/- magnetite/hematite
+/- silver

Zone VI

-Dominant chalcocite +/- magnetite/hematite

Zone VII

-Dominant hematite_______

The boundaries between these zones are gradational. The sulfide
system is wedge shaped with a thick pyrite-galena core (zone I) near
the Rock Lake fault (Plates 2 and 3), surrounded, both vertically and
horizontally, by a rind of copper-silver ore which is in turn
surrounded by hematite (zone VII) (Plates 2 and 3).

From the pyrite-

galena core (zone I) outward, the copper-sulfide minerals form
concentric shells successively dominated by chalcopyrite (zones II
and III), bornite (zones IV and V), and an outer shell of chalcocite
(zone VI) grading into the hematite bearing Revett (zone VII).

The

deposit as a whole is stratabound within the upper part of the lower
Revett, but Individual zone boundaries cross bedding at various angles.
This suggests an epigenetic origin for the deposit, rather than a
syngenetic origin, proposed by Garlick (1988), for similar deposits
within the Revett quartzites.

From the pyrite and galena core

outward (Plates 2 and 3), this mineral zonation reflects a gradual
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increase in oxygen fugacity and/or a decrease in sulfur activity
(Wodzicki, pers. comm., 1994).

Minor quartz-galena veins are also

present locally within the Rock Lake fault.
Paragenesis of sulfide minerals at Rock Lake has been inferred
from:

(1) the distinct geometry of the mineral zones and (2) the

zonation of the sulfides, which is characteristic of sulfide zonation
at other similar deposits, e.g. Rock Peak (Wodzicki, 1991), Spar Lake
(Hayes and Einaudi, 1986), White Pine (Brown, 1971), and the
Kupferschiefer (Wodzicki and Piestryzynski, 1994).
The overall geometry of the deposit resembles a reverse rollfront deposit.

In a normal roll-front deposit oxidizing solutions

flowing through reduced rocks gradually become less oxidized and
more reduced. The resulting geometry is a wedge shaped, zoned
deposit with chalcocite/hematite in the core and pyrite on the
fringes, showing that oxygen fugacity decreases and sulfer activity
increases from the core outward.
the case.

At Rock Lake, just the opposite is

Oxygen fugacity increases from the core outward, while

sulfur activity decreases.

This suggests a reduced solution flowing

through the Revett and encountering oxidizing conditions.

Less

prominent westward directed embayments with oxidized cores are
also characteristic of the Rock Lake deposit (Plates 2 and 3).

These

smaller west-pointing embayments resemble true roll-front deposits.
Because normal roll-front deposits maintain a consistent paragenetic
sequence of mineralization from the core outward, it is inferred that
a reverse roll-front deposit will also display a consistant but
opposite paragenetic sequence of mineralization from the core
outward.
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At Rock Lake the major paragenetic sequence of mineralization is
reflected in the sulfide zonation from the core outward.

This

replacement sequence consists of pyrite-galena (zone I) replacing
chalcopyrite, chalcopyrite replacing bornite, and bornite replacing
chalcocite (Plates 2 and 3).

If an oxidizing, metal-rich fluid was also

involved, then just the opposite sequence of replacement would have
occurred in the less prominent westward pointing embayments.

These

paragenetic sequences and the resulting zonation are common in many
other stratabound copper-silver deposits, including:

Rock Peak

(Wodzicki, 1991), Spar Lake (Hayes and Einaudi, 1986), White Pine
(Brown, 1971), and the Kupferschiefer (Wodzicki and Piestryzynski,
1994).

Ore

Textures
At Rock Lake, many of the ore textures display common

metamorphic characteristics.
origin of the mineralization.

This supports the pre-metamorphic
These metamorphic textures include:

Crystal form - Minerals which are high on the crystalloblastic
series, such as pyrite and magnetite, are usually euhedral to
subhedral.

Minerals which are low on the crystalloblastic series may

rim euhedral minerals but usually fill spaces between silicates (Fig.
25) .
Mutual boundary textures - Mutual boundary textures Indicate
minerals in equilibrium.

They are the most common texture at Rock

Lake and include direct contact between galena and chalcopyrite (Fig.
26) , chalcopyrite and bornite (Fig. 27), and bornite and chalcocite (Fig.
28).

If the Rock Lake deposit was post-metamorphic, replacement
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Figure 24.

Photomicrograph of opaque ore minerals parallel to
foliation, defined by muscovite parallel to the axial planar
cleavage of the Rock Lake syncline.

Figure.

Photomicrograph of Cu-sulfides (opaque minerals) filling
spaces between silicates.
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Figure 26.

Photomicrograph of galena (gal) and chalcopyrite (ccp) in
direct contact.

Figure 27.

Photomicrograph of bornite (bo) and chalcopyrite (ccp) in
direct contact.
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textures between the copper-sulfides would be evident.
Exsolution textures - Exsolution of chalcopyrite and digenite
from bornite is common and occurs along crystallographic axis in
bornite (Fig. 29).

Exsolution, resulting in migration of chalcopyrite or

digenite to grain boundaries of bornite, is also common (Fig. 30). The
exsolution probably took place during cooling after metamorphism,
and is a result of decreasing crystalline solution between
chalcopyrite/digenite and bornite (Wodzicki, 1991).
Graphic or myrmekitic texture - Graphic intergrowths are
common between bornite and chalcocite at Rock Lake (Fig. 31), and
occasionally between bornite and chalcopyrite (Fig. 32).

These

textures are usually associated with metamorphism and probably
result from exsolution during post-metamorphic cooling.
Although most of the ore textures at Rock Lake display common
metamorphic characteristics, other ore textures which represent
minerals In equilibrium during precipitation are evident.
include:

These

magnetite grains containing Inclusions of bornite and

chalcopyrite (Fig. 33).
in equilibrium.

This suggests that magnetite and bornite are

Hematite occurs In direct contact with bornite and

chalcocite (Fig. 34) and appears to be in equilibrium with them.
Lastly, native silver is most common In the bornite zone and is
usually found in direct contact with bornite (Fig. 35).

This is

supported by higher silver assays consistently found associated with
bornite.
In nearly all of the samples, illmenite has been replaced by
leucoxene (Fig. 36). However, there does not appear to be any
relationship between the degree of ilmenite alteration and ore grade
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Figure 28.

Photomicrograph of bornite (bo) and chalcocite (cc) in
direct contact.

Figure 29.

Photomicrograph showing exsolution of chalcopyrite (ccp)
along crystallographic axis in bornite (bo).
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Figure 30.

Photomicrograph showing exsolution resulting in migration
of chalcopyrite (ccp) and digenite (dig) to grain boundaries
in bornite (bo).

Figure 31.

Photomicrograph showing graphic intergrowth between
bornite (bo) and chalcocite (cc); also showing silver (Ag)
in contact with bornite.
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Figure 32.

Photomicrograph showing graphic intergrowth between
bornite (bo) and chalcopyrite (ccp).

Figure 33.

Photomicrograph of inclusion of bornite (bo) within a
magnetite grain (mag).
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Figure 34.

Photomicrograph of hematite (hem) in direct contact with
graphic bornite (bo) and chalcocite (cc), within the
bornite-chalcocite +/- hematite zone.

Figure 35.

Photomicrograph of silver (Ag) in direct contact with
bornite (bo).
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Figure 36.

Photomicrograph of ilmenite (ilm) being replaced by
Leucoxene (lex).
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or sulfide mineral zonation.
direct contact with ilmenite.

Sulfides are also commonly found in
This suggests that replacement of

ilmenite by leucoxene was independent of base metal and silver
mineralization (Wodzicki, 1991).

Thermodynamic

Calculations

Thermodynamic calculations have been used to construct a log
fOz/log aS activity diagram for the Rock Lake deposit (Plates 4a-4g,
located in back pocket of thesis).

This diagram shows the stability of

copper and iron minerals and the solubility of copper minerals as
chloride and bisulfide complexes.

The solubility of both silver and

lead as chloride and bisulfide complexes is also shown.

The activity

diagram is consistent with the observed mineral boundaries discussed
in the last section and shown in plates 2 and 3.
the validity of the observed mineral zonation.

It Is used to evaluate
In addition, the

diagram provides added insight to the question of whether one or two
fluids were involved during the mineralization process at Rock Lake.
In order to construct the activity diagrams the physical and
chemical conditions at Rock Lake have been estimated.

Since no fluid

inclusion or sulfur isotope data exists for the Rock Lake deposit, the
conditions determined at Spar Lake (Hayes, 1990), a very similar and
nearby deposit found within the Revett Formation have been used in
this study.

On the basis of fluid inclusion and sulfur isotope studies

conducted by Hayes (1990) at the Spar Lake deposit, temperatures in
the mineralized zones were found to be above 130° C and probably
around 150°-170° C.

At Rock Lake, the temperature during

mineralization is assumed to be 150° C.
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The fluid inclusion study at

Spar Lake (Hayes, 1990) shows that the salinity of inclusions in
quartz overgrowths ranges from 5-23 wt. % NaCI equivalent and
centers around 17 wt. % NaCI equivalent. This value has been assumed
in this study.

According to Helgeson (1969) the stoichiometric mean

activity coefficient of Na+ and Ch at 150° C is 0.546. Therefore, the
aNa+ and the aCI- are 1.6 m.
is estimated at 5.8.

Lastly, the pH of the hydrothermal fluid

This Is found by assuming equilibrium between

K-feldspar, albite, and mica within the Revett (Wodzicki, 1995),
(Table 2).
Using equilibrium constants listed In table 2 and the parameters
above, a log fOz/log aS activity diagram has been constructed.

This

diagram delineates the boundaries between SO4 and HzS dominant
fields and H2CO3 and CH4 dominant fields (Plate 4-a).

In addition the

stability fields of native copper, hematite, magnetite, pyrite,
chalcopyrite, bornite, and chalcocite are shown (Plate 4-b).

The

solubility contours for the chloride and bisulfide complexes of copper,
silver, and lead are also plotted on the activity diagrams (Plates 4-e,
4-f, and 4-g respectively).

The chloride and bisulfide complexes are

modeled because they are likely to be the most stable complexes
under the assumed conditions.

For example, chloride complexes

formed In chlorine-rich brines of intermediate redox state (i.e.
sulfate stability field) result in very high solubilities, whereas
bisulfide complexes may be significant at very high sulfide
concentrations (i.e. hydrogen sulfide stability field), (Rose, 1989).
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Selected

Equilibrium

Constants
log K150

Reference

H2S = HS- +H+
HSO4- = S04‘ 2 + H+
HzS + 202 = S04' 2 + 2H+

-6.8
-3.74
-79.31

Murray and Cubicciotti (1983)
Helgeson (1969)
Helgeson (1969)

H2CD3 = HCO3- + H+
C + O2 + H20 = H20D3
H2QD3 + H2O =CH4 + 202
C + 2H2O = CH4 + 202
H20 = H2 + 1/202
H2S + 1/202 = H2O + 1/2S2
1/2A92S + 1/2H2 = 2Ag + 1/2 H2S
fig+ + H+ 1/402 =Ag+ + I/2H2O
ysg+ 2C|- =AgCl2‘
/sg+ 3C1- =AgCl3-

-6.76
46.62
-98.34
-51.72
-27.8

Helgeson (1969)
Ohomoto (1972)
Ohomoto (1972)
Ohomoto (1972)
Helgeson (1969)
Helgeson (1969)
Cobble (1982)

Ag + H2S + HS- = Ag(HS)2‘ + 1/2H2

-1.79

Helgeson (1969)
Helgeson (1969)
Helgeson (1969)
Crerar and Barnes (1979)

2Ag(HS)2’ = 2HS‘ +H2S + Ag2S
/flg2S + H2S + 2HS- = 2Ag(HS)2‘
PbS = Pb+ + + S- 2

-5.82
-5.82

Helgeson (1969)
Helgeson (1969)

-21.93
-6.4
-4.68
2.09
3.18

Helgeson (1969)
Crerar and Barnes (1979)

2.84
2.36
20.04
13.41
543.79
-22.07

Seward (1984)
Seward (1984)

PbS +
PbS +
Pb+ +
Pb++

20.00
-2.24
5.44
4.45
3.73

H2Sg = Pb(HS)2*
2H+ = Pb++ + H2S
+ Cl- = PbCI+
+ 2C1- = PbCl2°

Pb++ + 3CI- = PbCl3Pb+ + + 4Cr = PbCl4- 2
Pb + 1/2S2 = PbS
5CuFeS2 + S2g =4FeS2 + CusFeSA
4FeS2 + 8H2OI5O2 = 2Fe2Q3 + 8SO4- 2 + 16H+
3F62Q3 = 2Fe3d4 + 1/202
CusFeS4 =4Cu'*' + Cu+ + + Fe+ + 4S‘ 2
Cu++ +1/2 H20 = Cu+ 1/402 +H+
Fe+ + + S- 2 + l/2S2g = FeS2
2H+ + S- 2 = Cu2S
1/2HS- = 1/2H+ + 1/2S-2

3FeS2 + 6H2O = F63C4 + O2 + 6H2S
3/2F6203 + I2/2SO4- 2 + 24/2H+ =
= 6/2FeS2 + 12/2H20 + 45/202
2Cu“ + l/2S2g = Cu2S
2Cu° + H2S + I/2O2 = Cu2S + H2O
Cu“ + H+ + l/4C02g + Cr = 1/4C + 1/2H20 + CuC!
1/4C + 1/402 = 1/4C02

Helgeson (1969)
Helgeson (1969)
Helgeson (1969)
Helgeson (1969)

-120.8
-10.34

Helgeson (1969)

26.6
35.05

Helgeson (1969)
Helgeson (1969)

-5.63
-79.05

Helgeson (1969)
Helgeson (1969)

-407.85
14.78
34.78

Helgeson
Helgeson
Helgeson
Helgeson
Ohomoto

0.2
12.0
1/4CusFeS4 +HS- +I/2H2S = l/4CUFeS2 + Cu(HS)2’
-1.6
2FeS2 = 2FeS + Sz
-20.39
4CuFeS2 + 8H2S + O2 = 4FeS2 + 4H+ + 4Cu(HS)2* + 2H20 19.97
40.95
3FeS2 + 2O2 = Fe3Q4 + 3S2g
8.80
3K-fd + 2H+ = Ms + eSiOe + 2K+
-1.55
K-fd + Na+ = Ab + K+

Table 2.

Helgeson (1969)
Seward (1984)
Seward (1984)

Helgeson (1969)

(1969)
(1969)
(1969)
(1969)
(1972)

Helgeson (1969)
Helgeson (1969)
Helgeson
Helgeson
Helgeson
Helgeson

(1969)
(1969)
(1978)
(1978)

List of equilibrium constants used to construct acivity diagrams.
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Interpretation of the Activity Diagram
The log fOz/log aS activity diagram is used to test three models
for the origin of the zonal distribution and paragenetic sequence of
minerals at Rock Lake.

These are a one-fluid model, a two-fluid

mixing model, and a two successive fluids model.

For all three

models it is necessary to estimate the composition of the
hydrothermal fluid end members and then see whether the fluid or
fluids account for the observed mineral zonation and paragenesis.
In the one-fluid model (1), the hydrothermal fluid entered the
Lower Revett Formation from the Rock Lake fault which traversed the
Prichard Formation.

Such a fluid (fluid A) (Plate 4-c) would have

equilibrated with the carbon, pyrite, and pyrrhotite bearing Prichard
Formation and would be reducing and sulfur-rich.

It must have

originated near the pyrite-pyrrhotite boundary and near the boundary
between the H2CO3 and CH4 dominant fields (Plate 4-c).

Furthermore,

the absence of a second bornite zone nested within the chalcopyrite
zone suggests that the composition of this fluid lay to the left of the
bornite-chalcopyrite boundary.

Therefore, fluid of this composition is

shown as (A) in Plates 4-c and 4-e.

Under these conditions the

activity of the copper bisulfide complex is about 10-iOm. Enriched in
both copper and silver this fluid may have leaked upward along the
basin margin Rock Lake fault during diagenesis.

As it rose higher, the

fluid encountered the upper beds of the oxidized lower Revett, the
first good aquifer.

Flowing into the Revett the reducing fluid would

react with the hematite and magnetite of the Revett becoming
progressively more oxidized along path A-C (Plate 4-c), and
precipitating successively pyrite + chalcopyrite (zones I and II),
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chalcopyrite + magnetite (zones II and III), bornite + magnetite (zone
IV), bornite + hematite (zone V), and chalcocite + hematite (zone VI),
very similar to the observed mineral zonation shown in plates 2 and 3.
In this way, the ore minerals precipitated sequentially, giving rise to
the observed mineral zonation.
the observed mineral zonation.

The one fluid model can thus explain
However, the very low solubilities of

copper (approximately 10“10/t? ) and silver (<10"9m ) would
necessitate enormous volumes of fluid A.
solubility of 10" ^

For example, at a copper

the volume of fluid required to transport

0.24 X 10® metric tonnes of copper (the amount of contained copper at
Rock Lake, from Kirkham, 1989) is approximately 0.38 x 10^ cubic km
of fluid.
In the second model (2), the zonal distribution and paragenetic
sequences observed at Rock Lake are explained by the mixing of two
fluids of contrasting chemistry.

The two most probable conduits of

hydrothermal fluids are the Revett Formation and the Rock Lake fault.
The chemistry and end member location of the reducing, sulfur-rich
hydrothermal fluid (A) flowing out of the Rock Lake fault has been
discussed above and is the same for both models.

A hydrothermal

fluid originating in the oxidized Revett Formation must have been
buffered by hematite and magnetite since both minerals are present in
the Revett. The absence of native copper within the Rock Lake deposit
and the presence of chalcocite suggest that the composition of the
Revett fluid lay to the right of the native copper-chalcocite boundary
at point B (Plate 4-d). This point has been chosen to represent
maximum copper solubility and is located where the activity of the
copper chloride complex is about lO-'^-S m (Plates 4-d and 4-e).
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Just as in the one-fluid model, In the two-fluid model, a reducing
fluid flowed up the basin margin Rock Lake fault and leaked into the
permeable Revett aquifer.

As this fluid (A) flowed into the Revett

came in contact with the oxidizing Revett fluid (B) and the two began
to mix along mixing curve A-B.

This mixing curve has been plotted by

setting up fluid A/fluid B ratios as follows:

100/1, 10/1, 5/1, 1/1,

1/5, 10/1, and 100/1. The eastward pointing wedge shaped geometry
of the deposit suggests fluid A flowed from the west (Rock Lake
fault) to the east.

Mixing of the Revett fluid (Fluid B) with increasing

proportions of fluid from the Rock Lake fault (Fluid A) would cause a
shift in composition along the mixing curve A-B (Plate 4-d).

Along

this mixing line the following mineral zones are predicted to be
present:

pyrite + chalcopyrite (zone I and II), chalcopyrite +

magnetite (zone II and III), bornite + magnetite (zone IV), bornite +
hematite (zone V), and chalcocite + hematite (zone VI).

This again is

close to the observed mineral zonation at Rock Lake, as shown in
plates 2 and 3.

Pulses of fluid A would cause outward migration of

the mineral zone boundaries away from the Rock Lake fault.

Whereas

pulses of fluid (B) would cause re-entrance of the oxidized
assemblages into the reduced assemblages, a common process in
normal roll front type deposits.

According to this model copper and

silver would largely have been transported as chloride complexes in
fluid (B).

This fluid could carry up to 10" 4 m copper. Therefore, to

form the Rock Lake deposit that contains .24 x 10® metric tonnes of
copper would require

3800 cubic km of fluid, a more reasonable

volume than in the case of the one fluid model.
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The third model proposes that the reduced fluid (A) migrated up
the Rock Lake fault, penetrated the lower Revett and deposited pyrite.
At a later time an oxidized metal-rich fluid (B) flowing along the
Revett aquifer became progressively reduced as it reacted with the
earlier pyrite.

As fluid (B) became progressively reduced it

precipitated the mineral assemblages in the following succession:
chalcocite + hematite (zone VI), bornite + hematite (zone V), bornite +
magnetite (zone IV), chalcopyrite + magnetite (zone II and III), and
pyrite + chalcopyrite (zone I and II), similar to the observed mineral
zonation.

As In model two, the copper and silver were transported in

fluid (B) and therefore 3800 cubic km of fluid was necessary to form
the ore deposit.

Furthermore, the model explains the normal roll front

geometry (oxidizing facies penetrating reduced facies, see Plates 2
and 3) at the east end of the deposit.

Nevertheless, the overall

reverse roll front geometry of the deposit (reduced facies penetrating
oxidized facies) Is problematical.

Perhaps, the earlier reduced fluid

(A) reduced the permeability of part of the lower Revett, forcing the
later oxidized fluid (B) to flow around the pyrite core, reacting with
it gradually.

Lead

Isotopes
A lead isotope analysis has been conducted at Rock Lake in order

to test the validity of a two fluid mixing model and to determine the
provenance of the lead.

Nine samples, containing lead from galena and

the other sulfides, have been analyzed along a transect across the
Rock Lake deposit.

This transect Is within the mineralized horizon

and extends from the Rock Lake fault through the pyrite-galena zone
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Table 3. Lead isotope ratios fo r th e Rock Lake Deposit.

(U 0> 03 03
03 05 0)
C c c c
c c c
C o o o o
o
o
N N N N N N N

(see plate 2 for cross-sectional location of samples).

The analysis

was done by CMS laboratories in Salt Lake City, Utah.

The galena and

other sulfides were initially separated from most of the silicates
using heavy liquids.

The galena and sulfides were then dissolved out

of the samples using HCL. The the extracted lead was then run
through an ICP Mass spectometer to obtain ratios of 206pb/204pb^
207pb/204pb^ 3nd 208pb/204pb.

The results have a percent relative

standard deviation of generally 0.1% or better (Table 3).
The following interpretation utilizes the shale curve of Godwin
and Sinclair (1982), the bluebell curve of Andrew, Godwin, and
Sinclair (1984), and a lead evolution curve constructed using the
Holmes-Houtermans Model to represent a non-radiogenic (238u/204pb
= 8) source (Faure, 1977), likely the upper mantle. The shale curve is
thought to represent lead evolution In uranium-enriched continentally
derived sedimentary rocks of the upper crust of the Canadian and
North American Cordillera (Godwin and Sinclair, 1982).

The Bluebell

curve is thought to represent lead evolution in the uranium-depleted,
thorium-enriched lower crust of the North American Cordillera.

The

upper mantle curve is thought to represent lead evolution In the
uranium- and thorium-depleted upper mantle.

The upper crustal

environment is richer in radiogenic lead than the mantle or lower
crust.

The source reservoir from which lead in an ore deposit is

derived will control the isotopic composition of the lead (Godwin et
al, 1988).

Because lead in galena is assumed to reflect the age of

mineralization of a deposit, ore deposits of the same type and in the
same tectono-stratigraphic setting (with similar lead sources) which
vary only in age of mineralization, should fall along growth curves.
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These curves can be used as reference curves for lead evolution in
particular tectono-stratigraphic settings.

For example, lead from

SEDEX-type deposits such as Sullivan, which occurs in Prichard age
rocks, plot on the Shale Curve at the time of mineralization (about
1.43 b.y., see figure 38a).

Lead from ore deposits which plot below

the shale curve must contain a component of lead that is not of upper
crustal origin (Andrew, Godwin, and Sinclair, 1984).

If this lead plots

between the shale curve and the Bluebell curve along linear data
arrays, it is thought to represent mixing of two end-member lead
compositions, one from the upper crust and the other from the lower
crust respectively.

Because mixing of lead from these two reservoirs

must have taken place at the time of mineralization, mixing lines can
be drawn through the data arrays.

These mixing lines join points of

equal time and are therefore Isochrons (Andrew, Godwin, and Sinclair,
1984).
At Rock Lake, all of the samples (except sample HR-21-2997, and
the two samples from the Rock Lake fault, RL-1 and RL-2) plot on the
206pb/204pb to 207pb/204pb (pjg. 37a) diagram below the shale and
Bluebell curves and above the upper mantle curve. The 206pb/204pb
to 208pb/204pb diagram (Fig. 37b) indicates that lead from Rock Lake
is extremely non-radiogenic.

To provide a viable source for this lead

a single stage lead curve has been calculated using the HolmesHoutermans equations (Faure, 1977) (Fig. 37b).

This lead evolution

curve was calculated using a 232Th/204pb ratio of 30 and represents
an extremely non-radiogenic source for the lead at Rock Lake.

Figure

37a and 37b suggest that the lead at Rock Lake contains a lead
component of upper mantle origin.
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In addition the samples form a
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Figure 37a.

Plot o f 2 0 6 p b /2 0 4 p b vs. 2 0 7 p b /2 0 4 p b a t Rock Lake. Shown are th e Shale and
Bluebell curves o f Godwin and Sinclair (1 9 8 4 ) and a curve representing e vo lu tio n o f
non-radiogenic lead possibly in th e upper m antle.

Rock Lake Deposit
207Pb vs. 206Pb
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Figure 37b.

Plot o f 2 0 6 p b /2 0 4 p b vs. 2 0 8 p b /2 0 4 p b a t Rock Lake. Shown are th e Shale and
Bluebell curves o f Godwin and Sinclair (1 9 8 4 ) and a curve representing evolution o f
non-radiogenic lead, possibly in th e upper m antle.

rough linear data array which approximately lies along the 1.0 b.y.
isochron (Fig. 37a).

This suggests an age of mineralization for the

Rock Lake deposit of about 1.0 b.y.

If we exclude samples HR-15-

1421, HR-21-2997, RL-1, and RL-2, the linear data array also
suggests that the samples become increasingly more radiogenic with
distance from the Rock Lake fault (see plate 2 and figure 37a).
Therefore the three models described above can be discussed in the
light of the lead isotope data at Rock Lake.
The mineral zonation and the thermodynamic data support a
reduced fluid flowing up the Rock Lake fault and into the Revett
Formation.

The ratios of 206pb/204pb to 207pb/204pb (pjg. 37a) and

206pb/204pb to 208pb/204pb (Pig. 37b) at Rock Lake indicate a
uranium- and thorium-depleted source.
been the

This source Is likely to have

upper mantle. The linear array of data points supports the

two fluid mixing model, whereby the less radiogenic lead was
transported by the reducing fluid (A) flowing up the Rock Lake fault.
As fluid A penetrated along the Revett paleoaquifer it mixed with the
oxidizing fluid (B) which was transporting the more radiogenic shale
curve lead.

Thus, lead at Rock lake plots along a mixing line and

becomes more radiogenic with distance from the Rock Lake fault.
The lead data can also be Interpreted In terms of the one fluid
model and the two successive fluids model.

For both of these models

the less radiogenic lead was transported by the reducing fluid (A)
flowing up the Rock Lake fault.

As this fluid penetrated into the

Revett Formation, it leached more radiogenic lead from uranium and
thorium rich minerals (allanite, zircon, apatite, and sphene are
common minerals in the Revett) present in the Revett Formation.
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As

the reduced fluid penetrated further into the Revett, it continued to
leach uranium and thorium rich minerals and the lead became more
radiogenic with distance from the Rock Lake fault.
The non-radiogenic lead was probably transported to the Rock
Lake fault by deeply circulating fluids rising upward from the mantle.
This suggests the the Rock Lake fault Is a deep-seated basement
structure.

Based on Sear's (1994) restoration of the Belt basin, the

Rock Lake fault would have been parallel to the axis of the basin.

The

two samples taken from the Rock Lake fault probably represent
remobilized lead due to reactivation of the fault during Cretaceous
and Eocene deformation.

Discussion
Three models are proposed to account for the origin of the Rock
Lake deposit; a one fluid model, a two fluid mixing model, and a two
successive fluids model.

These models are based on the mineral

zonation and inferred paragenesis, the distinct geometry of the
mineralized zones and their spatial relationship to the Rock Lake
fault, thermodynamic modeling of the deposit, and a lead isotope
analysis.

All three models rely on the Rock Lake fault as a fluid

conduit, whereby a reducing fluid traveled upward along the Rock Lake
fault, encountered the permeable quartzites near the top of the Lower
Revett and flowed into them.

Epigenetic Origin of the Rock Lake Deposit
The study by Hayes and Einaudi (1986) at Spar Lake indicates that
all of the authigenic minerals in the deposit. Including the sulfides.
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are typical of diagenetic sandstone cements and are therefore
Proterozoic in age.

At Rock Lake the sulfides fill pore spaces

between sand grains and display similar textures to those described
at Spar Lake.

At both deposits (Hayes and Einaudi, 1986), it is likely

that the distribution of sulfide minerals Is related to the
permeability of the sandstones and mineralization was probably
caused by metal rich brines flowing through the permeable sands
during the initial stages of diagenesis.

After diagenesis the

permeability of the Revett sands would be considerably reduced due to
the closing of pore spaces between the sand grains.

With this

decrease In permeability, the likelihood of the formation of an ore
body related to permeability is not very high.

Furthermore, both at

Rock Lake and at Spar Lake, mineral zones cross-cut the stratigraphy,
suggesting that mineralization post dates sedimentation.

Therefore

the present work supports an early diagenetic, epigenetic origin for
mineralization at Rock Lake and for other similar copper-silver
occurrences within the Revett Formation.

The Rock Lake Fault as a Sulfide Fluid Conduit
Evidence provided by Fillipone and Yin (1994) suggests that the
Rock Lake fault was active In the middle to late Eocene and developed
in response to a northeastward migrating system of extensional
tectonics.

On the basis of variable fault plane striations and

slickenside orientations, Fillipone and Yin (1994) do, however,
acknowledge the possibility of multiple episodes of movement with a
consistent down to the southwest sense of offset.

Although

kinematic evidence for a Proterozoic precursor of the Rock Lake fault
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is lacking, Lange and Sherry (1983), assuming that mineralization
within the Revett Formation is Proterozoic in age, point out a spatial
association between faulting and mineralization.

Lange and Sherry

(1983) also show that other copper-silver deposits in the Revett
Formation, which are inferred to be Proterozoic in age, are situated
near steep faults which offset large sections of Belt sediments (e.g.
Spar Lake, Rock Peak, and Rock Creek). Therefore they suggest that
these steep faults (including the Rock Lake fault) were associated
with mineralization, are Proterozoic in age, and may represent steep
basin margin growth faults.
The present study supports both of the above Interpretations and
combines them.

It is obvious from structural relationships and from

the evidence provided by Fillipone and Yin (1994) that the Rock Lake
fault was an active extensional structure during the middle to late
Eocene.

Lange and Sherry's (1983) interpretation of the Rock Lake

fault as a Proterozoic growth fault is based on the spatial association
between the fault and the inferred Proterozoic age of mineralization.
Structural evidence, provided by U.S. Borax & Chemical Corp.
geologists suggest Proterozoic displacement of the Rock Lake fault.
This evidence includes the presence of a continuous horizon of
mineralization In the Middle Revett, exposed on Rock Peak, just west
of the Rock Lake fault (Fig. 20).

Further to the west, the mineralized

horizon jumps from the Middle to Lower Revett across the Copper Lake
fault, exhibiting no apparent offset (Fig. 21).

This relationship

suggests that the Copper Lake fault was active before mineralization
and not reactivated during Eocene extension.

The Copper Lake fault

may, like the Rock Lake fault, represent a basin margin growth fault.

68

If the mineralized horizon west of the Rock Lake fault is the same as
that found to the east, it is possible that during mineralization the
Middle Revett was juxtaposed against the Lower Revett across the
Rock Lake fault (Fig. 38).

In this case, any fluids flowing through the

Lower Revett at the time of mineralization also flowed across the
Rock Lake fault and into the stratigraphically displaced Middle Revett.
The above evidence suggests that the Rock Lake fault was active
during the middle to late Proterozoic prior to mineralization of the
Rock Lake deposit.

Later extenslonal tectonics In the middle to late

Eocene reactivated the Rock Lake fault.

Thus, assuming a Proterozoic

age for the Rock Lake fault, and the distinct spatial relationship
between the fault and the sulfide zonation (Plates 2 and 3), it is
evident that the Rock Lake fault acted as a fluid conduit for a
reducing sulfide rich fluid.

This model has been proposed for other

similar copper-silver deposits and Is accepted as a viable mechanism
for transporting ore solutions.

For example:

Hayes and Einaudi (1986)

suggest that the East Graben fault at Spar Lake may have been an ore
solution conduit, citing the fact that the ore zones are
stratigraphically highest where the host rocks are down-dropped into
the East graben.

Lefebvre (1989) shows that sulfide mineralization in

the Katangan sediments of the Zaire copper belt cross-cuts bedding
and is controlled by basin-rimming growth faults.

Annels (1989) has

shown that copper sulfide mineralization within the Ore Shale horizon
of the Zambian copper belt was due to leakage of ore solutions up
bounding fractures along a rift zone.

These solutions then flowed

either directly onto the seafloor or into unconsolidated sediments.
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Figure 38.

Schematic Cross-section showing mineralization during
the Proterozoic. Mineralized horizon is dashed. Pcir =
Lower Revett, Pcmr = Middle Revett.
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One Fluid Model
In this model a reducing sulfur-rich fluid, containing metalbisulfide complexes of copper, silver, and lead, is hydrostatically
driven up the Rock Lake fault.

This solution traveled upward along the

Rock Lake fault until it encountered the permeable hematite and
magnetite bearing sands at the top of the lower Revett Formation.
When the reducing metal-bearing solution reached these permeable,
oxidized sands it began to leak laterally Into them.

As these fluids

emanated from the fault they began to react with the hematite and
magnetite present In the lower Revett.

As the reducing fluid flowed

further into the Revett it became increasingly more oxidized and the
metal-bisulfide complexes of copper, silver, and lead became less
soluble (Plate 4).

Thus, the ore minerals began precipitating

sequentially away from the Rock Lake fault.

Near the Rock Lake fault

the environment was dominated by the reducing fluid and pyrite and
galena were precipitated in a thick wedge shaped lead-pyrite core.

As

the reducing fluids continued to move laterally outward from the
fault and become increasing oxidized the lead-pyrite core graded
outward into a chalcopyrite zone, then a bornite zone and finally an
outer chalcocite rind (Plates 2 and 3).
This model satisfies the constraints of the thermodynamic
calculations (Plates 4-b and 4-c) and seems to satisfy the observed
mineral zonation (Plates 2 and 3).

However, the transport of metals

as bisulfide complexes presents a problem.

The observed mineral

zonation and the assumed chemistry of the reducing fluid constrains
the initial end member composition of this fluid to a specific point
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(A) in plate 4-c.

This point lies near the solubility contour where the

activity of the copper-bisulfide complex is approximately! 0"^ 0 m
(Plate 4-e).

At this point the copper-bisulfide complex has a very low

solubility and would not be efficient in transporting large amounts of
copper.

In addition, copper and silver do not form stable bisulfide

complexes as easily as chloride complexes (copper and silverbisulfide complexes are very rare in comparison) under intermediate
redox conditions (Rose, 1989).

Two Fluid Mixing Model
The second model explains the mineral zonation at Rock Lake by
the mixing of two hydrothermal fluids of contrasting chemistry.

A

reducing sulfur-rich fluid (Fluid A In Plate 2) traveled upward along
the Rock Lake fault until it encountered the permeable sands along the
top of the lower Revett Formation.

At the same time, due to basin

dewatering, oxidizing solutions, carrying copper and silver-chloride
complexes, migrated updip along the permeable sandstone beds of the
lower Revett (Fluid B in Plate 2).

As these metal-chloride rich

solutions approached the Rock Lake fault they began to mix with the
reduced fluid leaking out of the fault.

As the two fluids began to mix

they formed a migrating redox interface.

The shape of the deposit

suggests the interface migrated mainly eastward.

The copper-

sulfides were precipitated at this redox boundary as the oxidized
metal-chlorlde-rich solution became increasingly reduced by multiple
pulses of reducing fluid.

Thus, the bornite zone replaces the

chalcocite zone, the chalcopyrite zone replaces the bornite zone, and
the pyrite zone replaces the chalcopyrite zone (Plate 2 and 3).
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Tongue-shaped embayments pointing towards the Rock Lake fault
(Plates 2 and 3) suggest that, at times (probably near the end of
mineralization), the oxidizing Revett solutions may have been
dominant.

In this case the oxidizing solutions flowing through the

deposit would remobilize already precipitated copper-sulfides and
reprecipitate them along minor westward migrating redox interfaces.
Thus, the chalcopyrite zone replaces the pyrite zone, the bornite zone
replaces the chalcopyrite zone, and the chalcocite zone replaces the
bornite zone.
Assuming that copper generally migrates as cuprous chloride
complexes (Rose, 1989 and Walker, 1989), the two fluid mixing
process of mineralization is thermodynamically more reasonable than
the one fluid model.

In the two fluid model, the copper and silver

were carried as chloride complexes within the oxidized, chloride-rich
brines flowing laterally through the Revett.

The composition of this

fluid originated at point B In plate 4-d, near the copper-chloride
solubility contour of 10"4-5 m (Plate 4-e).

At this point copper is

soluble as cuprous-chloride complexes and could easily be transported
by oxidizing solutions.

Upon entering a reducing environment these

cuprous-chloride complexes would become Increasingly less stable as
the reducing conditions prevailed.

This is the common roll front-type

scenario of the third model (see section on two successive fluids
model) and generally involves oxidized metal-rich solutions flowing
through rocks rich in pyrite and/or carbonaceous material.

The

geometry of roll front-type deposits consists of an oxidized core with
a distinct mineral zonation from the core outward of chalcocite,
bornite, chalcopyrite, and finally pyrite (Fig. 40).
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At Rock Lake, the

same minerals are present but just the opposite zonal geometry is
evident (Plates 2 and 3).

Thus, if the metals were carried as chloride

complexes In an oxidizing solution, the overall zonal geometry at Rock
Lake must have been formed by a reducing fluid flowing into the
Revett and mixing with the oxidized, metal-bearing brines.
Thermodynamically, this model best satisfies the mineral
zonation by mixing of the two fluids along the mixing curve A-B in
plate 4-d.

The minor westward directed embayments probably

represent normal roll front-type processes occurring near the end of
mineralization.
The lead Isotope data also seems to best support a two fluid
mixing model rather than a one fluid model.

The lead data, from a

west-east transect across the Rock Lake deposit, plot on a mixing
line isochron between 1.2 andl.O b.y. (Fig. 37a). Lead closer to the
fault Is generally less radiogenic than lead further away from the
fault.

As distance is gained from the fault the lead becomes

increasingly contaminated with radiogenic lead.

This may reflect

gradual contamination of a non-radiogenic lead transported by a
reduced fluid with radiogenic lead transported by an oxidized fluid.
The oxidized fluid presumably flowed long distances through the
Revett, from the deeper reaches of the basin.

Along the fluid path it

would have leached large amounts of radiogenic lead from allanite,
zircon, apatite, and sphene.

By contrast, a reduced fluid emanating

from the Rock Lake fault would contain lead derived from the upper
mantle, and therefore be much less radiogenic.

Mixing of the two

fluids would produce increasingly more radiogenic lead outward from
the Rock Lake fault.

This linear trend is evident in the lead isotope
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data at Rock Lake (see figure 37a and plate 2) and therefore supports
the two fluid mixing model.
The lead isotope ratios plot below both the shale curve and lower
crustal curves of (Fig. 37a) and close to the mantle curve in figure
38b.

Thus, the non-radiogenic lead at Rock Lake probably originated in

the uranium- and thorium-depleted upper mantle.

Two Successive Fluids Model
In this model a reducing sulfur-rich fluid traveled upward along
the Rock Lake fault until It encountered the permeable magnetite and
hematite-rich sands at the top of the Lower Revett Formation.

The

reduced fluid leaked laterally Into the Revett sands and began to react
with the magnetite and hematite and precipitated pyrite and galena In
an eastward extending zone. This event lasted long enough to produce
a sizable zone of rocks rich In pyrite and galena.

After abatement of

the reduced fluid, a later oxidized fluid, carrying copper and silverchloride complexes, migrated updip along the permeable sandstones of
the Lower Revett Formation and encountered the rocks rich in pyrite
and galena.

As the metal-rich, oxidized fluid flowed Into these

reduced rocks the copper and silver-chloride complexes became
increasing less soluble and began to precipitate along westward
migrating redox interfaces.

These interfaces are evident as

westward pointing embayments in plates 2 and 3, and consist of an
oxidized core with a distinct mineral zonation from the core outward
of chalcocite, bornite, and chalcopyrite grading into pyrite-galena.
Thermodynamically, the end member compositions of fluid A and
fluid B remain the same (Plate 4-d) but precipitation of pyrite and
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galena from fluid A is separated in time from fluid B and
precipitation of the ore minerals.
Although the distinct geometry of the Rock Lake deposit suggests
that the redox boundary advanced predominantly to the east, away
from the Rock Lake fault, the two successive fluids model Is
advantageous in that it does not rely on the coincidence of two fluids
mixing.

In addition, it is conceivable that pyrite, galena, and

authogenic minerals, related to alteration during mineralization,
precipitated in the pore spaces between detrital grains and decreased
the porosity of the sandstones.

In this case the westward directed

oxidizing fluids would not be able to penetrate as easily into the
pyrite-galena zone.

Therefore the normal roll front mechanisms

would produce small embayments along the margin of the pyritegalena zone (Plates 2 and 3), creating the illusion that the redox
conditions migrated to the east, away from the Rock Lake fault.

Source of Metals
Three possible sources for the metals at Rock Lake exist:

(1) ail

of the metals were soluble as metal-bisulfide complexes and carried
up the Rock Lake fault in a reduced fluid, (2) the metals originated in
either the Revett or the Burke Formations and formed chloride
complexes, soluble In oxidized solutions flowing through the
permeable sandstones of the Revett, (3) lead isotopes suggest a
combination of (1) and (2).
The first source for the metals are the rocks through which the
reducing fluid flowed including the Prichard Formation.

Diagenetic

alteration of labile detrital minerals such as plagioclase, blotite, and
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hornblende can release copper, silver, and lead into migrating fluids
(Walker, 1989) within the Prichard Formation.

Because the Prichard

Formation is a carbonaceous and pyrrhotite + pyrite-rich unit, fluids
flowing through the Prichard sediments would be reducing.

Therefore,

copper, silver, and lead would form stable bisulfide complexes,
soluble in the reduced conditions.
The second possible source for metals are the sediments of the
Revett and/or the Burke Formations.

These formations, the Revett

Formation especially, are redbeds which contain labile detrital
minerals such as plagioclase, hornblende, biotite, magnetite and
illite, which contain trace amounts of copper and other metals
(Walker, 1989).

Walker (1989) suggests that early diagenetic

alterations of these susceptible minerals may result In release of the
contained metals into migrating ground waters.

According to Walker

(1989) some of the most important metal-releasing alterations are:
(1) the dissolution of the labile detrital silicates, (2) replacement of
silicates by smectite and/or ferric oxides and oxyhydroxides followed
by replacement of the smectite by illite and replacement of the ferric
oxides and oxyhydroxides by crystalline hematite, and (3) conversion
of magnetite to hematite.
Since Rose (1989) has demonstrated that copper and silver are
almost always transported as chloride complexes, it can be assumed
that migration of these metals occurs when the above diagenetic
alterations coincide with expulsion of chloride rich connate marine
waters from compacting sediments.
In the case of the Rock Lake deposit it is inferred that early
diagenetic alterations within the Revett Formation released copper
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and silver.

These alterations coincided with expulsion of oxidized,

chloride-rich connate marine waters from the deeper reaches of the
Belt basin.

These solutions were expelled due to burial and

compaction of marine sediments and flowed updip along the permeable
sandstone of the Lower Revett Formation.

The metals formed soluble

chloride complexes and were transported upward with the migrating
fluid.

As these oxidized, metal-chloride rich brines approached the

Rock Lake fault they began to mix with the reduced fluids emanating
from the fault.

A redox interface formed and as the conditions

became more reducing the metals began to precipitate as copper
sulfides and native silver.
The third possibility is that metals came from both (1) and (2)
above.

Although most of the metals were probably carried as chloride

complexes in an oxidizing solution, some may have been transported
as bisulfide complexes in the reducing fluid.

This may be the most

likely explanation based on lead isotope evidence, which implies
mixing of lead from two different sources.

Conclusion
Three possible models exist for the Rock Lake deposit:

(1) The

copper sulfides and silver may have been precipitated by a reducing
fluid containing copper and silver soluble as bisulfide complexes. This
fluid migrated upward along the Rock Lake fault and leaked into the
permeable sandstones of the Lower Revett where it reacted with
hematite and magnetite.

An easterly migrating redox boundary formed

at the head of the reducing fluid and copper sulfides and silver were
zonally precipitated at this boundary.

78

(2) The second model for the

origin of the Rock Lake deposit involves a reducing fluid that flowed
up the Rock Lake fault and leaked into the permeable sands of the
Lower Revett Formation.

This reduced fluid mixed with an oxidized

fluid flowing through the Revett.

This oxidized fluid contained copper

and silver soluble as chloride complexes.

As the two fluids mixed an

easterly migrating redox boundary formed and the copper sulfides and
silver were zonally precipitated at this front.

(3) The third model

involves an early reduced fluid which flowed up the Rock Lake fault,
leaked into the Lower Revett Formation, and precipitated pyrite and
galena.

A later oxidized fluid, rich in cuprous-chloride complexes,

flowing through the permeable sands of the Lower Revett Formation,
encountered the pyrite near the Rock Lake Fault. A redox boundary
was formed by reaction of the oxidized fluid with the pyrite and
normal roll front processes precipitated copper sulfides along the
margins of the pyrite zone and along small westward directed
tongues.
The geometry of the copper sulfide zones at Rock Lake consists
of a galena-pyrite core grading outward from the Rock Lake fault into
chalcopyrite, bornite and finally chalcocite.

Westward directed

embayments, with oxidized cores grading from chalcocite to bornite,
to chalcopyrite, to pyrite-galena, extend into the overall zonal trend.
Although a normal roll front model could produce this geometry, the
distinct eastward extending zonal geometry suggests that mixing of
two fluids produced mineralization at Rock Lake.
Thermodynamic calculations suggest that the simplest way to
precipitate the copper sulfides in the zonal order that they appear is
to mix a reducing fluid with an oxidizing fluid.
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Solubility contours

also calculated for the thermo-chemical conditions at Rock Lake
suggest that the metals would have been more realistically soluble as
chloride complexes with initial solubilities of about 10"4-5 m, 7^0
work of Walker (1989) and Rose (1989) shows that copper and silver
are generally carried as chloride complexes in oxidizing solutions
derived from redbeds.

Although It is therefore probable that the

metals were carried as chloride complexes In an oxidizing solution
originating within the Revett Formation, some metals may have been
transported as bisulfide complexes in the reducing fluid.
Lead isotopes taken along a transect from the Rock Lake fault,
through the pyrite-galena zone, form a linear array near a mixing line
isochron with a lower end member on the uranium- and thorium
depleted lower crustal or upper mantle curve and a probable upper end
member location on the shale curve of Godwin and Sinclair (1982).
This mixing line has end member locations near 1.2-1.0 b.y. on the
growth curves.

This suggests a mineralization age of 1.2-1.0 b.y. for

the Rock Lake deposit.

In addition, with increasing distance from the

Rock Lake fault, lead generally becomes increasingly more radiogenic.
This, in combination with the mineral zonation and thermodynamic
data, suggests that reducing fluids, enriched in lower crustal lead,
flowed into the Lower Revett sands and mixed with an oxidized fluid
containing radiogenic lead leached from radiogenic minerals within
the Revett Formation.
The combination of the mineral zonation, thermodynamic
calculations, and lead isotope data, suggests that the origin of the
Rock Lake deposit is a result of the mixing of two fluids.

A reduced

fluid emanating upward along the Rock lake fault, and a metal rich
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oxidized fluid flowing through the Revett aquifer.

Minor westward

directed tongues suggest that normal roll front processes were active
near the end of mineralization.

Although evidence produced from this

study suggests that the two-fluid mixing model accounts for the
mineralization at Rock Lake, much more work needs to be done in
order to definitely choose between the three models.
There are a number of stratiform Cu-Ag deposits in northwest
Montana that are similar to Rock Lake (Fig. 1).

Understanding the

origin of such deposits will aid In exploration.

But whether the two-

fluid mixing model, the one-fluid model, or the normal roll front
model proves to be correct, the location of basin margin faults
(possible sources of reducing fluids) cutting the oxidizing hematite
bearing Revett formation should be the focus of prospecting efforts.
In addition, this study could be relevant to both studying and locating
similar deposits worldwide, such as the Kuperschiefer-type deposits
in Poland.
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